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1
LOW-STROKE ACTUATION FOR A SERIAL
ROBOT

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
NASA Space Act Agreement number SAA-AT-07-003. The
invention described herein may be manufactured and used by
or for the U.S. Government for U.S. Government (i.e., non-
commercial) purposes without the payment of royalties
thereon or therefor.

TECHNICAL FIELD

The present disclosure relates to the motion control and
packaging design of a tendon-driven finger or other serial
robot.

BACKGROUND

Robots are electro-mechanical devices which can be used
to manipulate work tools or other objects. A robot may
include a series of links or segments. As a result, such robots
are commonly referred to as serial robots. The various seg-
ments of a serial robot may be interconnected by one or more
actuator-driven joints. Each robotic joint represents an inde-
pendent control variable or degree of freedom. End-effectors
are the particular segments used to perform a given work task,
such as grasping and moving a work tool.

SUMMARY

A system is provided herein for actuating a distal joint of a
serial robot. In a serial robot in particular, for example a multi
jointed robotic finger, relatively large stroke and out-of-range
errors may result when using a typical tendon-driven joint
configuration. Such a serial robot may include at least a
proximal joint, e.g., a base knuckle of a robotic hand, and a
distal joint. The serial joints are interconnected with respect
to each other by rigid links or segments. Optionally, one or
more medial joints may be used as part of the serial robot,
with each medial joint disposed between the proximal and
distal joints. When medial joints are used, the medial joint
connected to the proximal joint is “distal” with respect to the
proximal joint, as is well understood in the art. For simplicity,
the examples presented herein will be drawn to a proximal
joint and a distal joint, i.e., only two joints connected by one
segment.

Actuation of robotic joints in certain robotic systems is
achieved directly and linearly via a motor-driven tendon. As
noted above, relatively large stroke may result, particularly
when actuating a distal joint in a serial robot using joint
actuators that are located near the proximal joint. This in turn
may constrain the range of available joint actuators. The
present approach for driving a distal joint may enable the use
of'smaller actuators and/or more compact packaging designs.

In particular, a serial robot is disclosed herein which
includes a base, first and second segments, and proximal and
distal joints. The serial robot also includes a transmission
configured for assisting in the required movement of the distal
joint. The proximal joint links the base to the first segment.
The distal joint links the first and second segments. When the
serial robot is optionally embodied as a humanoid finger of a
robotic hand, the base forms a palm of the robotic hand, and
the first and second segments respectively form the proximal
and medial phalanges. The joint which terminates the middle
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phalanx is considered to be “distal” with respect to the proxi-
mal joint, and thus forms the specific distal joint described
herein. Additional joints may be controlled in a similar man-
ner, as will be understood by those of ordinary skill in the art.

The distal joint is serially arranged with respect to the
proximal joint. The serial robot includes first and second
actuators, for instance a ball/screw or other joint motor. A first
tendon extends from the first actuator to the proximal joint
and is moveable via the first actuator. A second tendon
extends from the second actuator to the distal joint and is
moveable via the second actuator.

The transmission includes one or more gear elements. In a
particular embodiment, the transmission includes a planetary
gear set, although the transmission may alternately include a
single gear element. When a single gear element is used, the
gear element may be a pulley gear having an offset center. At
least one of the gear elements may be positioned on the
base/palm. Regardless of the embodiment, the presently dis-
closed transmission assists in a rotation of the distal joint
whenever an input force is applied by the first and/or second
actuator.

A robotic hand is also disclosed. The hand includes a palm
and at least one robotic finger operatively connected to the
palm. Each finger forms a serial robot having first and second
phalanges, a proximal joint joining the palm to the first pha-
lanx, and a distal joint which is serially arranged and distal
with respect to the proximal joint. The distal joint joins the
first phalanx to the second phalanx.

The hand includes a first and a second joint motor. A first
tendon extends from the first joint motor to the first joint. The
first tendon is selectively moveable via the first joint motor. A
second tendon extends from the second actuator to the distal
joint. Likewise, the second tendon is selectively moveable via
the second joint motor. A transmission may be positioned at
least partially within the palm. The transmission has at least
one gear element configured to assist in a rotation of the distal
joint when an input force is applied to at least one of the
proximal and distal joints by a respective one of the first and
second joint motors.

Additionally, a robotic system is disclosed which includes
a torso, an arm connected to the torso and moveable with
respect to the torso, and a robotic hand connected to the arm.
Thehand includes a plurality of robotic fingers, e.g., five inan
example embodiment, each being connected to and extending
from a palm of the hand. Each finger forms a serial robot
having a transmission with at least one gear element. As noted
above, the gear element(s) is/are configured to assist in a
rotation of the distal joint when an input force is applied to at
least one of the proximal and distal joints by a respective one
of' the first and second joint motors.

The above features and advantages and other features and
advantages of the present invention are readily apparent from
the following detailed description of the best modes for car-
rying out the invention when taken in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view illustration of a system which
uses a serial robot in the form of an example tendon-driven
humanoid finger.

FIG. 2 is perspective view illustration of an example actua-
tor suitable for rotating a joint of the serial robot using a
tendon.

FIG. 3 is a schematic illustration of serial robot having a
distal joint that is selectively moveable via a transmission,
various embodiments of which are set forth herein.
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FIG. 4 is a schematic illustration of an example transmis-
sion having a plurality of gear elements which collectively
provide a desired rotational motion of a distal joint.

FIG. 5 is a schematic illustration of another embodiment of
a transmission having a single gear element for moving a
distal joint in a serial robot.

FIG. 6 is a schematic illustration of an example transmis-
sion having a pulley gear with an offset center.

FIG. 7 is a schematic illustration of an example transmis-
sion having a pulley gear with an adjustable offset center that
is shown in a first position.

FIG. 8 is a schematic illustration of the pulley gear of FIG.
7 that is shown in a second position.

DETAILED DESCRIPTION

With reference to the drawings, wherein like reference
numbers refer to the same or similar components throughout
the several views, FIG. 1 shows a schematic example robotic
system 10 configured to perform one or more work tasks with
multiple degrees of freedom (DOF), e.g., over 42 DOF in the
particular embodiment shown. In the non-limiting example
that is shown, the system 10 may be a dexterous humanoid-
type robot having a head 12, a torso 14, a waist 15, and arms
16 which move with respect to the torso 14. The arms 16 may
include a lower arm assembly 24 having a robotic hand 18,
with each hand 18 moving with respect to the arm 16 to which
it is connected.

The robotic hand 18 may include one or more robotic
fingers 19 and an opposable thumb 21. The fingers 19 in
particular are one example of what is referred to herein as a
serial robot, that is, a robotic mechanism having serially-
arranged joints and segments. Thus, each of the thumbs 21
forms an additional serial robot. For simplicity, the thumbs 21
are to be considered as fingers in the various examples that
follow. One of ordinary skill in the art will readily appreciate
that other serial robots may be envisioned, whether as part of
the humanoid shown in FIG. 1 or merely a portion thereof,
with the serial robot being controlled as set forth herein.

The example robotic system 10 of FIG. 1 may include a
task-suitable fixture or base (not shown) such as legs, treads,
oranother moveable or fixed base depending on the particular
application. A power supply 13 such as a rechargeable battery
pack may be used to provide sufficient electrical energy to the
various joints for movement of the same, whether connected
to the torso 14 as shown or positioned remotely with respect
to the torso 14.

Referring to FIG. 2, a joint actuator assembly 26 may be
used to move a finger 19 or other serial robot by applying a
force to a tendon 40 which terminates at a joint of the finger
19. The joint may be embodied as a gear, a hinge, etc. In a
humanoid finger embodiment, such a joint may be positioned
on one of the various knuckles of the finger 19.

In a particular embodiment, the joint actuator assembly 26
may include an actuator 34, e.g., a suitable joint motor such as
aball-and-screw motor, a gear drive 36 for transferring a force
from the actuator 34 to the tendon 40, an actuator housing 38,
the tendon 40, and a tendon terminator 42. The tendon 40 may
extend from the actuator housing 38 down the length of the
finger 19 that is being controlled. The actuator 34, the gear
drive 36, and the actuator housing 38 may all be packaged
within the lower arm assembly 24 when used with the par-
ticular humanoid robotic system 10 shown in FIG. 1, or in
another suitable location of the system 10.

The tendon 40 may be protected by a conduit liner 44 and
a conduit 46, for instance a braided material having a high
tensile strength and that is sufficiently resistant to stretch and
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creep. The conduit 46 may extend from the actuator housing
38 to a tension sensor 48. As the actuator 26 moves the tendon
40, the tendon 40 slides relative to the tension sensor 48,
which may be rigidly mounted to a hand support (not shown).
The tendon 40 terminates within the finger 19 at a desired
location via the tendon terminator 42. Movement of the ten-
don 40 thus causes relative movement of the tendon termina-
tor 42, which can move the finger 19 by rotating a particular
segment of the finger 19 relative to a knuckle or joint. In all of
the Figures to follow, the stroke on each gear or joint is
indicated by the formula w,r,dt, where X represents the
reference number of the associated gear element/joint, e.g.,
51 for the proximal joint.

Referring to FIG. 3, an example serial robot 119 is shown.
The serial robot 119 has a proximal joint 51, a distal joint 52,
abase 118, afirst segment 57, and a second segment 56. When
the serial robot 119 is a robotic finger 19 as shown in FIG. 1,
the base 118 may be formed from the palm of the hand 18
shown in the same Figure, while the first and second segments
57 and 56 form different phalanges of that finger 19. Option-
ally, the serial robot 119 may include another distal joint 53
and a third segment 55, e.g., when the serial robot 119 is
configured as a humanoid finger. In an embodiment in which
the second segment 56 is the final segment, such as when the
robot 119 is a thumb 21 of the type shown in FIG. 1, the
location of the tip of the serial robot 119 is indicated by arrow
54. When the third segment 55 is used, e.g., when the robot
119 is configured as a finger 19 as shown in FIG. 1, the
location of the tip is indicated by arrow 154.

The proximal joint 51 connects the base 118 to the first
segment 57. The distal joint 52 connects the first segment 57
to the second segment 56. [fused, the additional distal joint(s)
53 may be dependently or independently actuated with
respect to the distal joint 52 in a manner similar to that set
forth below. Thus, as used here, the term “distal” refers to the
relative location of a given joint with respect to the base joint
51.

To drive a moving joint such as the distal joint 52 with a
particular drive torque (arrow Ts,), or the optional distal joint
53 with a drive torque (arrow Ts;), conventional tendon-
driven approaches pass a tendon 40 (see FIG. 2) over a com-
mon joint, usually the proximal joint 51 to which a drive
torque (arrow Ts,) is applied, and thus may provide a larger
than optimal amount of stroke. This occurs due in part to the
need to change the length of one or more tendons 40 in order
to compensate for the changing angle between the base joint
51 and the distal joint 52, i.e.:

m52r52dz:é51r51dz+é52r52dz

where o is the angular velocity of a particular joint with
respect to the environment, r is the radius of that joint, and 0
is the rate of change in joint angle between the two connecting
segments. Unwanted excess stroke may be separated from the
various moving joints using the transmission embodiments
set forth below with reference to FIGS. 4-8.

Referring to FIG. 4, in order to reduce such stroke a trans-
mission 60 may be used in conjunction with the proximal
joint 51 and the distal joint 52. In the example embodiment of
FIG. 4, the transmission 60 may include respective first, sec-
ond, third, and fourth gear elements 58, 151, 152, and 252,
with some of these gear elements optionally forming an epi-
cyclical or a planetary gear set having multiple engaged gears
s0 as to provide a desired output rotation. At least one of the
gear elements 58, 151, 152, and 252 may be positioned on the
base 118 close to the proximal joint 51.

The desired rotation of the proximal joint 51 is indepen-
dently provided by an actuator 34 through a tendon 40. The
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first gear element 58 of the transmission 60 may be disposed
between the proximal joint 51 and the second gear element
151 to provide a desired rotation of the second gear element
151, with the rotation being proportional to and in the same
direction as the rotation of proximal joint 51.

A drive element 70 such as a drive belt may be used to
connect the distal joint 52 to the third gear element 152. Third
gear element 152 may be coaxial with the proximal joint 51 as
indicated by line 72, which schematically represents coaxial
alignment without in any way indicating that the first gear
element 152 and the proximal joint 51 share a common center
drive member. Likewise, fourth gear element 252 may be
coaxial with the second gear element 151 as indicated by line
74. The proximal joint 51 and the third gear element 152
rotate independently with respect to each other.

The fourth gear element 252 couples with the third gear
element 152 such that the rotation of the fourth gear element
252 is proportional to the rotation of the third gear element
152, but in a reverse rotational direction. Fourth gear element
252 and second gear element 151 may be a sun gear and ring
gear/annulus of a planetary gear set in one possible embodi-
ment, with a planet carrier holding one or more peripheral
planetary gears or pinions being actuated to provide a desired
rotation of the distal joint 52. Alternatively, second and fourth
gear elements 151 and 252, respectively, may be configured
as bevel gears facing each other, as is well understood in the
art.

In this manner, the desired stroke of the distal joint 52,
which is provided via another actuator 134 and through
another tendon 140, may be represented as:

V52dt = WspFsy — Ws1Fs) dr
2
bsarsz
=——dr
2

where v is the linear velocity of a tendon attaching point on
the distal joint 52, and assuming rs; =rs,=r, s;=r, 5,=T,s,. Lhe
transmission 60 thus links the proximal joint 51 to the distal
joint 52 to assist in providing a rotation of the distal joint 52
whenever an input force is applied to the distal joint 52 by
actuator 134.

Referring to FIG. 5, in another embodiment a transmission
160 can use a single gear element 352 rather than a planetary
gear set or multiple engaged bevel gears. Here, proximal joint
51 is driven via an actuator and tendon (not shown). To drive
distal joint 52, another actuator 234 connects to the center of
gear element 352 as shown. The center of the gear element
352 may be allowed to move in the directions indicated by
double arrow 80, such as by moving the gear element 352
within a track or a slide (not shown).

Another tendon 240, or alternatively a belt or other drive
mechanism, is anchored to the distal joint 52 and to the
proximal joint 51. Tendon 240 loops around the gear element
352. The gear element 352 is thus disposed between the
respective proximal and distal joints 51 and 52.

Thus, the centers of proximal and distal joints 51 and 52 are
fixed, for instance to the respective base 118 and first segment
57. The gear element 352 is allowed to move as needed with
respect to the base 118 in response to increased or decreased
tension on another tendon 340 applied via the actuator 234.

Referring to FIG. 6, in another example embodiment a
transmission 260 may include a pulley gear 59. The pulley
gear 59 may have a reduced diameter relative to that of the
respective base and distal joints 51 and 52, and/or an offset
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center with respect to a center of the proximal joint 51. The
pulley gear 59 may be positioned on or near the proximal joint
51 as shown. Another tendon 540 may be connected to the
distal joint 52 and driven via another actuator 434. The proxi-
mal gear 51 is driven by a tendon 640 and an actuator 534.

Because a pulley gear 59 having too small of a diameter
could potentially lead to increased fatigue on the tendon 540,
an offset center for the pulley gear 59 with respect to the
proximal joint 51 as shown may enable use of a larger pulley
gear 59 while still providing the desired rotation of the distal
joint 52.

As shown in FIGS. 7 and 8 via an optional transmission
360, the pulley gear 59 may optionally define a slot 84 having
slot ends 90 and 91. A moveable pin assembly 86 may be
disposed within the slot 84. The pin assembly 86 is anchored
via a rigid link 82 to an anchor point 92 on the first segment
57. The offset center of the pulley gear 59 may be adjustable
via the slot 84 and pin assembly 86.

That is, when a serial robot 119 as shown in FIG. 3 opens
up or extends as shown in FIG. 7, the center of the pulley gear
59 moves to the right of the slot 84 into the position shown at
slot end 91. When the serial robot 119 closes again, the center
of'the pulley gear 59 moves back to the left of the slot 84 into
the position shown at slot end 90 in FIG. 8. The linkage/slot
design shown in FIGS. 7 and 8 can also be achieved by other
mechanisms such as a cable-driven system or a gear system.
Also, the particular design embodiments described above
with reference to FIGS. 3-5 may be extended to joints that are
more distal to the base element, e.g., the joint 53 shown in
FIG. 3.

While the best modes for carrying out the invention have
been described in detail, those familiar with the art to which
this invention relates will recognize various alternative
designs and embodiments for practicing the invention within
the scope of the appended claims

The invention claimed is:

1. A serial robot comprising:

a base;

a first segment;

a proximal joint joining the base to the first segment;

a second segment;

a distal joint which is serially arranged and distal with
respect to the proximal joint, and joining the first seg-
ment to the second segment;

a first and a second actuator;

a first tendon extending from the first actuator to the proxi-
mal joint, wherein the first tendon is selectively move-
able via the first actuator;

a second tendon extending from the second actuator to the
distal joint, wherein the second tendon is selectively
moveable via the second actuator; and

a transmission having at least one gear element configured
to assist in a rotation of the distal joint when an input
force is applied to at least one of the proximal and distal
joints by a respective one of the first and second actua-
tors, wherein the at least one gear element includes a
moveable pulley gear with a reduced diameter relative to
a respective diameter of each of the proximal joint and
the distal joint, positioned on the base, and having a
center that is offset with respect to a center of the proxi-
mal joint;

wherein the moveable pulley gear defines a slot, and
includes a moveable pin assembly that is disposed
within the slot and anchored via a rigid link to an anchor
point on the first segment, such that the offset center of
the moveable pulley gear is adjustable via the slot and
pin assembly.
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2. The serial robot of claim 1, wherein the serial robot is a 7. The robotic hand of claim 4, wherein the at least one gear
humanoid robotic finger. element is only the pulley gear used on the at least one finger.
3. The serial robot of claim 1, wherein the offset center of 8. The robotic hand of claim 4, wherein the offset center of

the pulley gear is variable in response to a change in an angle
5 between the palm and the first phalange.
9. A robotic system comprising:
a torso;
an arm connected to the torso and moveable with respect to

the moveable pulley gear is variable in response to a change in
an angle between the first segment and the base.

4. A robotic hand comprising:

a palm; and

at least one robotic finger operatively connected to the the torso; and

palm, wherein the at least one finger forms a serial robot

a robotic hand connected to the arm and moveable with

having: 10 respect to the arm, wherein the hand includes a plurality
a first phalange; of robotic fingers each connected to and extending from
a proximal joint joining the palm to the first phalange; a p.alm of the hand, and wherein each finger forms a
a second phalange; se{ri‘lalt r cﬁ)olt haV.lng:
a distal joint which is serially arranged and distal with |, : ;lei)mzla%%ﬁi - inine the valm fo the first phalange:
respect to the proximal joint, and joining the first p 4 ﬁ 1 J ) gthep P 8¢
halange to the second phalange; asecond phalange, . . .
a ﬁP; st an&ga second joint nlljotor' g a distal joint which is serially arranged and distal with
a first tendon extending from the first joint motor to the relzlsplect to thﬁ proxm(lial ﬁoll o, a.nd joining the first
proximal joint, wherein the first tendon is selectively ,, é) ? an&ge tot ese.:c.ont P ta @ge,
moveable via the first joint motor; a firstand a second joint motor,
; ’ . a first tendon extending from the first joint motor to the
a second tendon extending from the second joint motor roximal oint Whe;gein the first te nJ don is selectivel
to the distal joint, wherein the second tendon is selec- p bl Jo! t’h first ioint motor- Y
tively moveable via the second joint motor; and moveable via the furst joint motor,
o s : P a second tendon extending from the second joint motor
a transmission posmoned at least partially within the 5 to the distal joint, Wheregin the second tendJonis selec-
palm, andhaving at least one gear element configured tively moveable via the second joint motor; and
fo assistin a rotation of the distal joint When. an nput a transmission positioned at least partially \:vithin the
fqrce .1s.app11ed to at le.ast one of the proximal and palm, and having at least one gear element configured
fh.StalJ oints by a fespective one of the first and second to as;ist in a rotation of the distal joint when an input
Jiﬁl?flg;g;oﬁéxggizlgu?:yZeilia\;titlollzlerfgjiei?irilzgllf 30 force is applied to at least one of the proximal and
clr e 1 3 et dtrof s ol e el by gty s of et and oo
pr?mma{ijﬁlm. and the dlStflll J.om%fposn.loliled on the includes a m’oveable pulley gear with a reduced diam-
alm, and having a center that 1s oftset with respect to R . .
gcenter of the p%oximal joint; P eter relative to a respective diameter of each of the
wherein the moveable pulley g,ear defines a slot. and 33 proximal joint and the distal joint, positioned on the
includes a moveable pin assembly disposed within the base, and ?a;l/mg a c.entelzr. ﬂ.lat.ls offset with respect to
slot and anchored via a rigid link to an anchor point on ;‘ ce.nteilo the prg)l(lma lfomt, defi ) d
the first phalange, such that the offset center of the w .ereilndt e moveable putiey gialr d'e nes(;l S'tohti, atlﬁ
o . . includes amoveable pinassem| isposed within the
moveal?lle pulley gear is adjustable via the slotand pin slot and anchored Viapa rigid nki/o anpanchor point on
assembly.
5. The robotic hand of claim 4, wherein the hand includes the ﬁrsbtl segrﬁent, sugh t};at thgl off.sethceriter Og the
a plurality of the fingers. moveable pulley gear 1s adjustable via the slot and pin

6. The robotic hand of claim 5, wherein the plurality of the assembly.

fingers includes an opposable thumb. I T S
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